Environmental context. Perchlorate from rocket fuel plants or firework manufacturing units can seriously contaminate drinking water. We developed a separation skin on a microfiltration membrane and on sand that can remove perchlorate from water in the presence of competing ions. This method is suitable for a domestic water purification unit selective for perchlorate removal.
Introduction
Anionic pollutants in surface and ground waters pose an equal challenge for both detection and remediation measures. The allowed limits of ionic species in drinking water are often in the order of mg L À1 (Shannon et al. 2010 ). Among the remediation technologies, reverse osmosis (RO) has been shown to be very effective (Yoon et al. 2009) , but its success and cost depend on the complexity of the water source, particularly with regard to refractory micropollutants. Perchlorate (ClO 4 À ), a highly persistent oxyanion, is an anionic contaminant increasingly found in surface and ground waters above the stipulated limit of 24.5 mg L À1 (USEPA 2005) . The origin is largely anthropogenic from rocket fuels, fireworks, explosives, safety flares, tanning and electroplating processes (Motzer 2001; Urbansky 1998; Burns et al. 1989 ). The contamination of water with perchlorate is widespread, with reports from several parts of the United States of America (Kimbrough and Parekh 2007; Jackson et al. 2005) , Canada (Backus et al. 2005) , Japan (Kosaka et al. 2007 ), India (Isobe et al. 2013; Sijimol et al. 2017) , China (Shi et al. 2007; Wu et al. 2010 ) and the Republic of Korea (Quiñones et al. 2007 ). To avoid the adverse health effects of ClO 4 À , the United States Environmental Protection Agency (USEPA) has set a reference dose of 0.7 mg kg À1 day À1 and a desirable maximum level of 15 mg L À1 in drinking water. The World Health Organisation (WHO) has established a provisional maximum tolerable daily intake (PMTDI) of 0.01 mg/kg bodyweight for ClO 4 À . In India, ClO 4 À contamination of drinking water is mainly from the manufacturing and usage of fireworks and rocket fuel (Wilkin et al. 2007; Shi et al. 2011) . The Sivakasi district in the state of Tamil Nadu is one such ClO 4 À contaminated area with concentrations up to 7690 mg L À1 in some water samples (Isobe et al. 2013) . Kerala is another state in India where the occurrence of ClO 4 À in ground and surface waters is high in areas of rocket fuel manufacturing (Anupama et al. 2012; Nadaraja et al. 2015; Sijimol et al. 2017) . A survey conducted in Kerala by some groups indicated its presence in bottled, ground and surface waters. A report on the seasonal analysis of ClO 4 À in water samples collected from 14 districts in Kerala showed a mean concentration of 93.19 mg L À1 (Sijimol et al. 2016) . Similarly, another study indicated its presence in ground and river water samples much higher than the allowed limit (7270 and 355 mg L À1 respectively) (Nadaraja et al. 2015) .
Ion exchange and reverse osmosis are the most efficient methods for removing ionic pollutants (Durmaz et al. 2005; Samatya et al. 2006; Haghsheno et al. 2009; Dolar et al. 2011) . Several other treatment technologies have been tailored for the removal of ClO 4 À from drinking water. Adsorption and membrane-based separation are the leading separation techniques for the removal of ClO 4 À . The adsorption process has reported a removal rate of ,90 % (Xiong et al. 2007 ). Among the pressure driven membrane separation processes, nanofiltration (NF) has emerged as a choice with a removal efficiency of 25-95 % (Yoon et al. 2009 ). Low pressure ultrafiltration (UF), either surfactant or polyelectrolyte assisted, is also popular with rejection efficiencies of 80 % and ,98 % respectively (Yoon et al. 2003; Huq et al. 2007) . Polyelectrolyte multilayered membranes have recently been reported to impart high flux and selectivity in pressure driven processes (Hong et al. 2007; Krasemann and Tieke 2000; Disha et al. 2012) .
The present study involves the development of a polyelectrolyte multilayered surface on a polymer membrane and sand surface for the separation of ClO 4 À from aqueous media. Primarily the polyelectrolyte pair, polyethyleneimine (PEI) and poly (styrene sulfonate) (PSS), is deposited on a polyether sulfone microfiltration membrane and its interaction with ClO 4 À is studied. The effect of competing ions (Cl À , NO 3 À , HCO 3 À and SO 4 2À ), pH-based post-treatment and conferring capping layers with higher salt content on the removal efficiency is also carried out. The present work illustrates that low pressure membranes themselves can be useful for the removal of ionic moieties with a multilayered surface. The study is further extended to evaluate the performance of the developed multilayered membrane to field water samples from a contaminated area. Finally, we report the development of a column with a multilayered sand bed for the removal of ClO 4 À from water under a gravity flow. Fabrication of polyelectrolyte multilayered membrane by layer-by-layer (LbL) method Polyelectrolyte solutions (0.02 M) were prepared using PEI and PSS. Polyethersulfone microfiltration membranes (with an effective area of 13.4 cm 2 ) were soaked overnight in deionised water and used as the substrate for the deposition of polyelectrolyte multilayers by the LbL method. Briefly, the membranes were first dipped in 0.02 M PEI for 15 min followed by two repeated washing steps using deionised water to remove the loosely bound polyelectrolytes. Membranes were then dipped in 0.02 M PSS for 15 min followed by the washing steps. This resulted in the formation of one bilayer of polyelectrolytes and the process was repeated to fabricate 'n' number of bilayers which could be termed as polyelectrolyte multilayers (PEMs). The resultant multilayers were named '0.02 M (PEI/PSS) n '. Thus modified membranes were dried and stored at room temperature for filtration studies.
Experimental

Materials
Multilayer membrane characterisation
Formation and growth of the polyelectrolyte multilayers over the microfiltration membranes were investigated by attenuated total reflectance Fourier transform infrared spectroscopy (ATR-FTIR) using a Shimadzu IR Prestige-21 spectrophotometer. The multilayer growth was measured as a function of the increase in absorbance of the corresponding functional groups in the polyelectrolytes. In the present study, the absorption peak at 1035 cm À1 , which resulted from the sulfonyl stretching of PSS, was taken as a reference. Morphological features of the multilayer membranes were probed by atomic force microscopy (AFM) using a combined Raman-AFM microscope (WITec Alpha 300 RA). The surface of the membranes was imaged by the tapping mode using a cantilever with a force constant of 2.8 N m À1 at a frequency of 75 KHz. Thickness measurements were carried out by spectroscopic ellipsometry using a M-2000V ellipsometer (J. A. Woollam Co.). Multilayers were deposited on the cleaned silicon wafers under similar conditions and the thickness was measured at incident angles of 65 8, 70 8 and 75 8. The measurements were repeated at 5 different points on the sample and the spectra were analysed using the B-spline model. The thickness values were represented as mean AE standard deviation.
Membrane performance
A ClO 4 À solution (10 mg L À1 ) was prepared by dissolving 12.313 mg of NaClO 4 in 1 L of deionised water (pH 6.0-7.0). To study the effect of competing ions on ClO 4 À removal, a feed solution containing 5, 10, 20, 40 and 50 mg L À1 of competing ions (Cl À , NO 3 À , HCO 3 À and SO 4 2À ) with 10 mg L À1 of ClO 4 À was filtered through the PEMs. Filtration studies were conducted under ultrafiltration conditions using an Amicon 8050 dead-end stirred cell with a constant pressure of 68.95 kPa (10 psi) and a stirring rate of 400 rpm. A 50-mL filtration cell was filled with feed solution and the filtration time was varied depending on the membrane used since the permeabilities of the membranes were different in terms of the time taken to pass through the feed solution. The ClO 4 À rejection (rejection represents retention of the filtered ion), flux and ion selectivity were calculated using standard equations (Eqn 1, Eqn 2 and Eqn 3 respectively). All the experiments were conducted in triplicate and the mean values were reported (error bars represent the standard deviation of the observations).
where C f is the ion concentration in the feed and C p is the ion concentration in the permeate.
where V is the volume of the permeate, A is the effective membrane area and Dt is the time taken to permeate a volume of the permeate V.
where R A and R B are the rejection percentages of components A and B respectively. Concentrations of ClO 4 À were determined by ion chromatography using a Dionex ICS 5000þ ion chromatography system equipped with an AS 16 column and AG 16 guard column and a conductivity detector in suppressor mode with a runtime of 15 min. A NaOH solution (50 mM) was used as eluent at a flow rate of 1.5 mL min À1 and a suppressor current of 186 mA was applied. The system was calibrated with a series of standard ClO 4 À solutions and the detection limit was 0.2 mg L À1 . This method had an accuracy of 99.9 % recovery and a precision of the relative standard deviation (RSD) of 0.72 %. Other anions, like Cl À , NO 3 À , HCO 3 À and SO 4 2À were also measured by the same method.
Capping and post-treatment The capping layers were prepared at two different salt concentrations (0.4 and 1 M NaCl) for the deposition of the 9th bilayer. Post-treatment was carried out by placing the 9 bilayered membranes (concentration of NaCl 0.15 M) in deionised water maintained at pH 4 for 30 min at room temperature.
Study area
The field water samples were collected from 20 wells from houses located near an ammonium perchlorate experiment plant (APEP), Aluva, Kerala, India. The location map is shown in Fig. S1 (Supplementary Material). The water samples were analysed using ion chromatography. The samples were stored at 4 8C until analysis.
Preparation of multilayered sand
Sand was purchased from the local market and the larger pebbles were removed by using a homemade mesh (mesh size 0.5 cm). The resulting fine sand was washed several times with tap water to remove any impurities. The sand was then treated with 1 % HCl overnight and washed several times with deionised water to remove any trace of acid residues. The obtained sand was then dried and stored in closed containers until further use. PEI and PSS solutions at a concentration of 0.02 M (pH 6, 1 M NaCl) were prepared and the sand was alternatively exposed to these polyelectrolyte solutions so as to deposit the required number of bilayers (0.5 and 1 bilayer). The surface modified sand was airdried and stored in closed containers. Columns were prepared by filling glass columns (10 cm length and 3.5 cm diameter) with multilayered sand. A ClO 4 À solution (10 mg L À1 ) was percolated through the columns and the samples were collected for residual ClO 4 À analysis.
Results and discussion
Multilayered membrane characterisation
The properties of multilayers depend mostly on the nature of the constituents. Here, the constituents are BPEI and PSS, a weak-strong polyelectrolyte combination. BPEI is a branched, cationic, weak polyelectrolyte with primary, secondary and tertiary amino groups (pK a 11.6, 6.7 and 4.5 respectively) whose degree of ionisation depends on pH. PSS is an anionic, widely preferred polyelectrolyte where the degree of ionisation depends on ionic strength. This polyelectrolyte composition has another advantage in that PEI has an affinity for certain ions like phosphate. The multilayer build-up on the support membrane can be clearly understood from the growth of the sulfonate peak intensity at 1035 cm À1 . The corresponding sulfonyl stretching of PSS is presented in the Supplementary Material ( Fig. S2 , Supplementary Material) . The support membrane does not carry any IR functional groups in this region. Fig. S2a (Supplementary Material) represents the layer dependent growth for a 9 bilayered membrane assembled at a salt concentration of 0.15 M NaCl. The effect of built-up salt concentration on the multilayer growth was analysed for a 9 bilayered membrane deposited from polyelectrolyte solutions with varying salt concentrations (NaCl, 0-1 M) and is presented in Fig. S2b (Supplementary Material). Addition of salt into the polyelectrolyte can result in an external compensation of the polyelectrolyte chains which can cause them to adopt a coiled conformation from a linear conformation. The lowest absorbance was observed for zero added salt and the highest was at 1 M.
Surface properties
Topology by AFM The 9 bilayered membranes built at varying concentrations of salt were imaged by using AFM to elucidate the morphological features (Fig. 1 ). Up to salt concentrations of 0.15 M, 'island like' depositions with a roughness value of ,220-240 nm were visible. The pores were visible and the deposition did not significantly affect the porosity of the substrate. As the concentration was increased to 0.2 M, the deposition was enhanced with an increase in roughness to 340 nm. The roughness was increased with the increase in salt concentration. The growth seemed to be uneven on the surface and the deposited polyelectrolytes looked like elongated growths with wide valleys in between. These islet growths were observed at the beginning, and were transformed into islands (more obvious with 0.4 M NaCl). Additional islands started to coalesce, which were incomplete even at a salt concentration of 1 M. The presence or growth pattern like islets and islands are common in polyelectrolyte-based multilayers (Richert et al. 2004 ). Since a high surface charge build up is expected with an increase in the salt concentration, which is more interesting for the removal of charged species, the pores were not analysed further.
Thickness of the multilayers
The 9 bilayered PEI/PSS was deposited on a silicon wafer in polyelectrolyte solutions containing built-up salt concentrations from 0 M to 1 M. Initially, the thickness of the multilayer membranes increased as the salt concentration increased (Fig. 2 ). In the absence of salt, the polyelectrolyte solutions were highly charged and had a linear conformation. Moreover, the repulsion from the initially adsorbed chains inhibited the progress of adsorption. This resulted in a thinner multilayer formation. As the salt concentration was increased, more polyelectrolyte chains underwent external compensation and this resulted in less repulsive forces between similar charges and the coiled structure. As a result, thicker multilayers were formed.
Interaction of ClO 4
2 with polyelectrolyte multilayer membranes Multilayered membranes enhance the filtration characteristics of the support membrane and several such examples can be found in the literature and a few are presented in Table 1 . From the literature, it is evident that a multilayered NF membrane for ClO 4 À removal is superior to the commercial RO membranes (Sanyal et al. 2015) . Such ionic species can also be preconcentrated at the prefiltration stage itself, which can substantially reduce the operational cost or may considerably improve the longevity of the high pressure membranes. For instance, PEI/PSS multilayers on polyamide membranes showed high phosphate and chloride selectivity under the low pressure driven condition (Disha et al. 2012) . The same multilayer combination is examined here on a polyethersulfone support for the interactive separation of ClO 4 À . Generally, sulfonate membranes are preferred for ClO 4 À removal. Membranes with different numbers of bilayers and build up conditions were subjected to low pressure filtration of a ClO 4 À solution at a concentration of 10 mg L À1 . The support membrane showed a rejection of 4 % with a flux of 460 m 3 m À2 day À1 . Optimisation of number of bilayers, deposition pH and ionic strength Rejection percentage and solution flux values for layer dependent filtration are presented in Fig. 3a . A significant change in the rejection percentage was observed only after the deposition of the 5th bilayer. Rejection capacity of the membranes was improved to ,80 % on deposition of the 9 bilayered PEI/PSS. The added polyelectrolyte multilayers create a charged and inter connected skin layer on the substrate which can provide either a chargebased or size-based separation. Here, the surface layer was PSS, hence electrostatic repulsion was likely to be the reason for the rejection of ClO 4 À . Therefore, further studies were carried out using the 9 bilayered membranes.
The degree of ionisation of PEI, a weak polyelectrolyte, is pH dependent (Mahato and Kim 2003) . It is expected to be 60-70 % ionised in the pH region from 4 to 6. To determine the suitability of this pH regime, the constituent PEs were assembled at pH 4 and 6. The results indicated that pH 6 was more suitable for ClO 4 À separation. The rejection pattern was also studied at pH 4 for the deposition of 5 to 9 bilayers. The comparative results of the rejection percentage are presented in Fig. 3b . The FTIR absorbance at 1035 cm À1 of 9 bilayered PEI/PSS at pH 6 was higher as shown in the inset of Fig. 3b . This higher deposition was directly reflected in the rejection efficiency. Moreover, at the feed of pH 6.0, structural alterations will not take place within the PEM structure.
Ionic strength in the deposition medium is another parameter that controls the surface charge, roughness and thickness of multilayers. As one of the constituents is a strong polyelectrolyte (PSS), it is likely to respond to the ionic strength of the medium. In the present experiment, the salt addition was carried out at the highly ionised state of PEI where the electrostatic forces have a pivotal role in the build-up. Hence the increase in ionic strength was expected to promote the rejection percentage. The results presented in Fig. 3c agree with the above discussion. The thickness gain with ionic strength caused the flux to decline, which become prominent at the higher salt concentrations. The lowest built-up salt concentration that resulted in a rejection percentage of above 80 % was 0.15 M NaCl.
The IR spectrum was recorded for the membrane that was exposed to the feed solution. The peak position and the peak area did not change, which indicated the stability of the multilayers (see Table S1 , Supplementary Material) . Furthermore, the stability of the multilayers was confirmed by exposing them to 1 M NaCl for 2 h. The corresponding morphology (AFM) and IR peak position were analysed (see Fig. S6 , Supplementary Material). AFM indicated rearrangement whereas IR spectra did not exhibit any peak shifts.
Effect of feed concentration and pH on ClO 4 À transport
Feed solutions at various ClO 4 À concentrations (1 to 25 mg L À1 ) were filtered through 9 bilayered PEI/PSS membranes to study the effect of the feed concentration on rejection percentage. More than 90 % was retained by the membrane up to a feed concentration of 10 mg L À1 (Fig. 4a ). This observation is encouraging since the ClO 4 À concentrations reported from various sites fall well within this limit. A study reported a concentration of ,0.02 to 6.9 mg L À1 of ClO 4 À in drinking water samples collected from six different states in India (Kannan et al. 2009 ). Similarly, a study conducted in wet deposition in 26 sites across the continental United States, Alaska and Puerto Rico reported a concentration in the range of ,5 ng L À1 to 102 ng L À1 ). The concentrations reported from the contaminated sites associated with firework manufacturing were ,0.005-7690 mg L À1 (Isobe et al. 2013) . Generally, a concentration higher than 24.5 mg L À1 is considered to be harmful as per the EPA guidelines (USEPA 2017). The rejection percentage decreased to ,58 % at a feed concentration of 25 mg L À1 .
Feed pH is another parameter that can influence the efficiency of membrane separation. The pH of the feed solution was varied from 4 to 10 to study the effect of feed pH on the rejection percentage of ClO 4 À (10 mg L À1 ). From Fig. 4b , it is clear that the feed pH had a significant effect on the rejection percentage and flux. Feed pH can affect the charge of the surface layer, the bulk and the availability of ion exchange sites in the PEMs. As discussed above, PEI is a weak polyelectrolyte with primary, secondary and tertiary amino groups (in 1 : 2 : 1 ratio) having pK a values of 11.6, 6.7 and 4.5 respectively. Therefore, the change in pH significantly alters the surface charge density of PEI. The degree of ionisation at pH 11 is expected to be zero and as the pH decreases, the degree of ionisation increases (Han et al. 2016) . At pH 10, a degree of ionisation of approximately ,10 % is expected and this can reach to 15-25 % at pH 7. The degree of ionisation can further increase to 55-67 % at pH 4 (Suh et al. 1994) . PEMs are deposited from polyelectrolyte solutions at pH 6 where ,20 % of PEI is expected to be ionised. When the feed solutions at different pH are passed through the PEMs, it induces a change in the degree of ionisation of the PEI chains. As the feed solutions of acidic nature are filtered through PEMs, the degree of ionisation is increased, which results in intra polymer repulsion, a stretched conformation of polymer chains and interpolymer chain attraction. This can lead to increased electrostatic interaction between polyanion and polycation moieties in the PEMs, which reveals the path for the structural rearrangement of PEMs. Additionally, exposure to acidic feed solution can cause an increment in the number of ion exchange sites via protonation of functional groups of PEI. For instance, a study reported that the feed pH significantly affects the arsenate and phosphate rejection by polyacrylonitrile UF membranes (Muthumareeswaran and Agarwal 2014). Similarly, another study revealed that removal of diglycolamine and triethanolamine by an AFC40 membrane was dependent on the solution pH as it can affect the surface charge of the membrane (Abidin et al. 2015) . However, the number of ionic sites can decrease upon the filtration of a basic feed solution. The degree of ionisation will be reduced on exposure to feed water at a basic pH. This lowering in the degree of ionisation can lead to the lowering in the number of active ion exchange sites. On exposure to pH 4, the rejection percentage was increased to nearly ,100 %. The increment in feed pH resulted in a decline of the rejection percentage and was as low as ,16 % at pH 10. At pH 4, the feed solution seemed to be capable of ionising more functional groups of PEI and reoriented in such a way that the PEM became functionally more active. As a result, the ClO 4 À rejection percentage reached a maximum. This interesting observation provides an avenue for the pH-based post-treatment possibilities of PEMs to enhance their rejection capability. There is a loss in the rejection capability as the feed pH increases and this might arise from the deprotonation of the active functional groups.
Effect of competing ions
Unlike synthetic ClO 4 À feed water, field samples may contain several other components, especially inorganic anions. Anions like Cl À , NO 3 À , SO 4 2À and HCO 3 À are very common in natural aquatic systems. The competing nature of these ions leads to the interference in the detection and removal of ClO 4 À . Several studies have indicated the interference of competing ions on the removal efficiency (Qiu et al. 2016) . Donnan exclusion is the most dominant mechanism, which plays a pivotal role in the ion separation from aqueous media using PEMs. Additionally, the build-up and structural orientation of PEMs are highly dependent on the electrostatic interactions. Hence the presence of other ions may have a positive or negative influence on the removal efficiency of ClO 4 À by the PEMs. Feed solutions containing 5, 10, 20, 40 and 50 mg L À1 of competing ions like Cl À , NO 3 À , HCO 3 À and SO 4 2À (properties of the ions are given in Table 2 ) with 10 mg L À1 ClO 4 À were filtered through PEMs. From the results given in Table 3 , it is shown that SO 4 2À was found to be the most competitive ions. The ClO 4 À rejection was reduced to ,27 % in the presence of 5 mg L À1 of SO 4 2À , which was further reduced to ,16 % at a SO 4 2À concentration of 50 mg L À1 . A similar observation was reported by Mehdipour et al. (2015) in the case of nanofiltration, where the rejection percentage was dominated by SO 4 2À . This increased hindering effect of SO 4 2À can be explained in terms of the hydration energy. As given in Table 2 , the higher hydration energy of divalent SO 4 2À makes it difficult to detach the hydration layer and remains too big to pass through the membranes, which result in the increased possibility for being rejected by the membranes (Tansel et al. 2006) . Size exclusion overpowers the electrostatic interaction at this stage and a combined effect of both these factors results in the higher rejection of SO 4 2À than ClO 4 À . The percentage rejection and selectivity value reflect that HCO 3 À is the second most competitive ion. As the concentration of HCO 3 À increases, the negative influence becomes clearer. In the case of NO 3 À , the influence is less than that on the SO 4 2À and HCO 3 À ions. A lower concentration of the chloride permeate enhances the selectivity window, whereas a higher concentration of chloride (10-50 mg L À1 ) results in the selectivity becoming somewhat similar to that of nitrate. The preference of extrinsic compensation is the deciding factor in the case of monovalent ions. The order of interference is in the order of SO 4 2À . HCO 3 À . NO 3 À . Cl À . Garcia (2000) ; Marcus (1997) . B Moyer and Bonnesen (1997); Brown et al. (2000) . 10 mg L À1 /5 mg L À1 61.0 26.5 0.5 10 mg L À 1/10 mg L À1 49.6 24.2 0.7 10 mg L À1 /20 mg L À1 39.3 20.8 0.8 10 mg L À1 /40 mg L À1 20.5 18.6 1.0 10 mg L À1 /50 mg L À1 20.4 16.0 0.9
ClO 4 À /Cl À ClO 4 À /Cl À conc. Cl À rejection (%) ClO 4 À rejection (%) Selectivity 10 mg L À1 /5 mg L À1 À53.8 71.1 5.3 10 mg L À 1/10 mg L À1 À14.0 58.6 2.6 10 mg L À1 /20 mg L À1 0.5 55.9 2.3 10 mg L À1 /40 mg L À1 4.2 47.1 1.8 10 mg L À1 /50 mg L À1 7.1 47.6 1.8
ClO 4 À /HCO 3 À ClO 4 À /HCO 3 À conc. HCO 3 À rejection (%) ClO 4 À rejection (%) Selectivity 10 mg L À1 /5 mg L À1 18.0 66.8 2.5 10 mg L À1 /10 mg L À1 19.0 63.9 2.2 10 mg L À1 /20 mg L À1 22.7 46.9 1.5 10 mg L À1 /40 mg L À1 27.7 34.2 1.1 10 mg L À1 /50 mg L À1 31.1 29.7 1.0
Effect of capping layer
PEMs were capped with a bilayer formed from polyelectrolyte solutions of higher deposition salt (0.4 and 1 M NaCl). The rejection percentage was increased to 92 % with a capping layer deposited from 0.4 M NaCl. The rejection was nearly complete on deposition of the 9th bilayer from 1 M NaCl (Fig. 5) . The terminating bilayer formed from a higher deposition salt will introduce more surface charge into the PEMs. Normal 9 bilayered PEMs were deposited from polyelectrolyte solutions with 0.15 M NaCl deposition salt, where the level of extrinsic compensation is low. The introduction of a highly extrinsically compensated bilayer as a terminating layer will provide more active sites for the interaction with ClO 4 À ions. The surface charge density increased with the layers of high ionic strength. Deposition of a highly charged outer layer improved the ionic rejection without considerable flux loss, as has been reported by Stanton et al. (2003) . Additionally, extrinsic compensation can lead to the coiled confirmation of polyelectrolyte chains and thicker multilayer formation, which may help in size exclusion. The increased ClO 4 À rejection in PEMs with 0.4 M and 1 M capped layers can be attributed to the increased availability of more active sites with high surface charge.
The ClO 4 À rejection performance of PEMs with a capping layer in the presence of competing ions in the feed solution was studied and the results are given in Table 4 . NO 3 À , HCO 3 À and SO 4 2À of varying concentration (5-50 mg L À1 ) along with 10 mg L À1 of ClO 4 À were filtered through PEMs with 0.4 M and 1 M capping layers. Capping increases the charge density, which will result in an overall availability of charged sites. As the surface concentration of PSS increased, the rearrangement of the bilayer improved the availability of bulk ionic sites. As PEI has a greater preference for ClO 4 À , the ClO 4 À was almost completely retained. As the concentration of NO 3 À in the feed increased, more ions were permeated to maintain the electroneutrality, which resulted in a greater selectivity. The selectivity dropped below a nitrate concentration of 40 mg L À1 in the feed. At a SO 4 2À concentration of 20 mg L À1 , the rejection of ClO 4 À was approximately ,60 %. A capping layer also enhanced the selectivity of ClO 4 À and HCO 3 À . Though the hydration energy and radii were slightly higher for the membrane, HCO 3 À excluded ClO 4 À which resulted in a greater selectivity. However, the constant trend observed for ClO 4 À /NO 3 À was not followed in this case.
pH-induced post-treatment
The exposure of PEM to various feed pH indicated that lowering the pH, or moving towards the acidic regime, enhanced the separation efficiency. The rejection and flux were higher at pH 4 (Fig. 4b) . This result opened up the possibility for posttreatment. PEMs of 9 bilayers assembled at solution pH 6 (0.15 M NaCl) were exposed to a solution of pH 4 for 30 min. AFM images of the PEMs before and after treatment are provided in Fig. S3 (Supplementary Material) . PEMs after treatment ( Fig. S3B, Supplementary Material) were found to be more porous. This was also evident from the flux increasing from 188 m 3 m À2 day À1 to 247 m 3 m À2 day À1 (Fig. 6 ). This indicated that the multilayers underwent a rearrangement during post-treatments. As the pH was lowered, more functional groups in PEI become protonated. This rearrangement was also implicated by the roughness, where the roughness increased from 234.8 nm to 317.1 nm. More protonated amino groups were available within the PEMs that provided more active sites. The rejection percentage increased to 98 %.
Perchlorate separation from field samples Field samples were taken from the wells of the houses located close to the APEP premises. The 8 samples collected from the sites showed a ClO 4 À concentration of 0.61-14.81 mg L À1 along with other anions, as presented in Table 5 . Most of these samples exhibited a considerable concentration of competing ions like chloride, nitrate and sulfate.
It was found that the PEMs (9 bilayers, 0.15 M NaCl) were very effective in the removal of the ClO 4 À ions at a concentration of 0.61 mg L À1 even in the presence of sulfate (1.94 mg L À1 ). Even though this particular concentration appeared to be the least in our samples, it was still far above the desired limit (24.5 mg L À1 ) in drinking water. The highest concentration of ClO 4 À (14.81 mg L À1 ) was at site H along with higher concentrations of competing ions. PEMs were able to remove 44.11 % of ClO 4 À (Fig. 7) from this sample along with 100 % of sulfate. Similar results were obtained for the other contaminated samples, which had different ionic compositions (Fig. 7) . The presence of competing ions (especially sulfate ions) interfered with the performance of the PEMs. However, filtration studies of all the collected samples using normal 9 bilayer PEMs were shown to be efficient in reducing the ClO 4 À concentration by various extents (nearly complete to 33 %).
Capped PEMs showed a higher efficiency in the separation of the ClO 4 À ions from the samples. PEMs with a 0.04 M capped layer resulted in nearly complete removal, except for samples F and H. These two sites had either sulfate (sample F) or ClO 4 À (sample H) ions in larger amounts. However, PEMs capped with a 1 M layer were effective in the separation of ClO 4 À ions from all the samples in spite of the higher concentrations of sulfate ions. As discussed earlier (Table 1) , the driving force for the separation of ionic species by PEM membrane systems may be based on size or charge. Capping with a high salt concentration on PSS introduces a high surface charge. At the same time, the overall thickness will also improve. To obtain a clear picture of the possible mechanism, the chloride ions in the permeate were analysed, and indicated ion exchange. The concentration of chloride ions was higher in the permeate than in the feed (Fig. S4, Supplementary Material) . As the feed solution passed through the PEMs, ClO 4 À ions were exchanged with the counter ions (chloride ions) of PEI. Na þ ions were also dragged along to maintain electroneutrality. This indicated that the mechanism behind the separation of ClO 4 À was charge based. The incoming negatively charged ClO 4 À ions were repelled by the terminating PSS layer and the positively charged PEI chains captured the ClO 4 À ions by exchanging its counter ions (chloride ions). The concentration of chloride ions in the permeate was still within the permissible limit ( Fig. S4, Supplementary Material) . The performances of the various membrane processes available in the literature are presented in Table 6 for the separation of perchlorate. The separation efficiency depends on several factors such as feed source and its ionic composition, the process and type of membrane. In high pressure filtration RO, NF shows a good separation window. Interestingly, UF with modifications (surfactant and polyelectrolyte assisted) presents an enhancement. Electrodialysis with functionalised membranes results in good ionic selectivity. LbL modified membranes also improves the rejection percentage in NF. The present work includes field samples with various ionic constituents. Furthermore, a sand bed column also shows reasonable separation.
Perchlorate separation by multilayered sand bed Polyelectrolyte multilayer deposited sand was packed in a glass column for ClO 4 À separation studies. A column packed with untreated sand (cleaned with an acid wash) showed a ClO 4 À removal efficiency of ,50 %. Whereas a multilayered sand packed column showed nearly complete removal for 0.5 (PEI) and single bilayered PEI/PSS multilayers (Fig. S5 , Supplementary Material). Deposition of multilayers over sand particles resulted in an increased active surface area, which provided a higher number of active sites for ClO 4 À capture and removal. The 0.5 bilayer deposited sand showed the maximum removal efficiency, which was a direct effect of the sand surface that is positively charged owing to the presence of PEI. Similarly, the 1 bilayer PEI/PSS deposited sand column also showed a similar ClO 4 À rejection efficiency. The simplicity in the method as well as the availability of raw material (sand) makes it practical approach for ClO 4 À removal.
Conclusion
Surface modification is one of the most effective technologies to improve the performance of membranes. In the present study, polyelectrolyte multilayers were deposited on commercially available microfiltration membranes to impart a charged surface for the removal of ionic solutes. Nine bilayers of PEI and PSS pairs were found to be effective to improve the efficiency of polyethersulfone microfiltration membranes for ClO 4 À removal. The membrane performance depends on the pre-and postdeposition variables. Competing ions interfere with the perchlorate separation in the order SO 4 2À . HCO 3 À . NO 3 À . Cl À .
Post-treatment with pH and capping with layers at high salt concentration improves the separation ability. Capping layers remarkably improved the membrane performance for field water. However, more studies are required to elucidate the complete mechanism during the post-treatment modifications. Furthermore, it was found that a sand bed with layers can be used for small-scale treatment of perchlorate spiked water.
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Figures showing the location map of the study area, multilayer formation and filtration properties and tables showing stability analysis results are available on the Journal's website.
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